INTRODUCTION
More is known about the cellular development and structure of the nematode
Caenorhabditis elegans than about that of any other multicellular organism. For example, White et al. (1986) have described the detailed structure (position, shape and connections) of each of the animal's 302 neurones. The development and structure of the C. elegans neurones are remarkably constant from animal to animal, but can be disrupted by mutation (for reviews, see Chalfie, 1984; Sternberg & Horvitz, 1984) . Detailed examination of C. elegans neurones has led to the ob servation of multiple forms of neuroneal microtubules. In this paper we describe these different microtubule forms and discuss insight that has been gained into their function from observations on a number of C. elegans mutants.
STRUCTURE OF NEURONEAL MICROTUBULES IN C . E LEGANS
Three types of neuroneal microtubules have been described in C. elegans. The most common form, found in almost all neurones, is a cytoplasmic microtubule that is indistinguishable from cytoplasmic microtubules in other C. elegans cells. These C. elegans microtubules differ from those commonly found in other eucaryotes in that they contain 11, rather than 13, protofilaments (Fig. 1; Chalfie & Thomson, 1982) .
The second most prevalent microtubule structure is that of the axonemes of sensory cilia (Fig. 2) . Fifty neurones in the hermaphrodite contain these structures (White et al. 1986) , which usually consist of nine outer doublet microtubules and a variable number (up to seven have been seen) of inner singlet microtubules (Ward et al. 1975; Ware et al. 1975; Perkins et al. 1986 ). T h e doublet microtubules have A subfibres with 13 protofilaments and B subfibres with 11 protofilaments; the singlet m icrotubules have 11 protofilaments (Chalfie & Thom son, 1982) . Dynein arms, nexin links and radial spokes are not seen. Perkins et al. (1986) have described the sensory cilia in great detail. T h e axonemes in adults have three structurally identifiable regions (Fig. 3) . In the most proximal region, the transition zone, the doublets are attached to the plasma membrane by Y-shaped links; the singlet microtubules are attached to the inside of a central cylinder that also links the doublets. There is no associated basal body in adults. In the next axonemal region, the middle segment, the diameter of the ring of doublets is larger, and the doublets are directly associated with the plasma membrane. T h e singlets appear unattached in the centre of the axoneme. In the most distal, or term inal, segment there are no doublets; only the A subfibres and the singlets remain. Perkins et al. (1986) noted differences among the axonemes of different neurones. In some axonemes only four or five of the doublets extend through the length of the cilium ; in others the doublets are filled with electron-dense material. Still other axonemes are associated with supernumerary microtubules or striated rootlets. T h e significance of these structural differences and of the variable number of inner singlet microtubules is not known. not associate with one another and do not maintain a set spatial relationship with each other.
Because of their orderly arrangement, the 15-protofilament microtubules can be followed easily in electron micrographs of serial sections. These microtubules do not span the entire length of the neuroneal process: the touch cell process is 400-500 /im long whereas the microtubules are 10-20 pim. long (Chalfie & Thomson, 1982) . (The 11-protofilament microtubules are also short compared to the length of the neuroneal processes that contain them.) We have postulated that such short microtubules could slide relative to each other and thus permit stable microtubule organization in the face of changes in cell length (such as those that probably occur during the sinusoidal bending of the animal). Interestingly, the end of the 15-protofilament microtubule that is distal to the cell body is always found on the outside of the bundle of microtubules; the proximal end is preferentially found within the bundle. The proximal and distal ends also differ structurally (Fig. 4) . The significance of the closeness of the distal microtubule end to the plasma membrane is not known.
DRUGS AFFECTING NEURONAL MICROTUBULES IN C. ELEGANS
A number of anti-mitotic drugs have been tested on C. elegans. A striking effect is seen when animals are grown in the presence of benomyl or other benzamidazole carbamates. Such animals are paralysed, contorted, and grow slowly (Fig. 5; Chalfie & Thomson, 1982) . The ventral nerve cords of these animals have fewer neuroneal processes than those of untreated animals. Presumably the drugs interfere with microtubule stability and, thereby, prevent process extension. Experiments with benomyl-resistant mutants (see below) support this view. In contrast, the 15-proto filament microtubules of the touch cells appear to be unaffected by benomyl at concentrations that cause great reduction in process outgrowth in the ventral cord neurones. T h e third microtubule form, a cytoplasmic microtubule with 15 protofilaments, is found only in the six neurones that serve as receptors for gentle touch ( Fig. 1 ; Chalfie & Thom son, 1982) . Only rarely (about one in 450) is an 11-protofilament microtubule seen in the processes of these touch cells. T h e 15-pro to filament m icro tubules differ from the 11-protofilament microtubules in several respects: (1) they are less cold-labile; (2) they are stable during osmium fixation; (3) they are differ entially sensitive to anti-microtubule drugs; and (4) they are differentially disrupted by mutation (see below). Moreover, the arrangement of the 15-protofilament m icro tubules within the cell is more orderly than that of the 11-protofilament m icro tubules. T h e larger microtubules form bundles in which each microtubule maintains its relative position. T h e smaller micro tubules found in other C. elegans neurones do Colchicine has a strikingly different effect on C. elegans. Animals grown in 0-5-2-0m M -colchicine are completely touch insensitive and their touch cells lack microtubules, yet these animals develop at the same rate and have as many progeny as untreated controls (Chalfie & Thom son, 1982) . (In these experiments, animals were exposed to the drug after they hatched from the egg shell, which is after the touch cell processes have reached their targets.) At higher concentrations of colchicine, progeny counts are reduced, but uncoordination like that associated with benomyl-sensitivity is not seen. T hu s, the touch cell microtubules appear to be selectively sensitive to colchicine, at least at lower concentrations of the drug. Podophyllotoxin, a drug thought to have the same tubulin binding site as colchicine (Wilson & Bryan, 1974) , has a similar (but more reversible) effect on touch sensitivity and microtubule structure to that of colchicine; lumicolchicine, the ultraviolet light-inactivated derivative of colchicine, has none of these effects (Chalfie & Thom son, 1982) .
MUTATIONS AFFECTING MICROTUBULE STRUCTURE AND FUNCTION

M utations affecting sensory cilia
T h e functions of the neurones with ciliated dendrites are unknown, but the pattern of synapses they make suggests that they are sensory receptors (White et al. 1986) . A number of the cells have cilia that project through the cuticle and are thus in (Hodgkin, 1983) . Mutants isolated by one of these schemes are often defective in more than one type of behaviour (Lewis & Hodgkin, 1977; Dusenbery, 1980; Perkins et al. 1986 ). For example, mutations in the gene che-3 have been identified in screens for chemotaxic and osmotic avoidance mutants, and mutations in daf-10 have been found in screens for chemotactic and dauer-formation mutants (Perkins et al. 1986) . Such pleiotropic phenotypes could result from defects in cells that are required for several types of behaviour or from defects in features shared by these cells, such as the sensory cilia.
Hedgecock et al. (1985) have found that some of the presumed chemosensory cells can be stained when living animals are exposed to fluorescein isothiocyanate (F IT C ). F IT C vital staining permits the visualization of the entire cell including the cell body and axon. Using this procedure, these workers examined previously isolated behavioural mutants for abnormal staining patterns and screened for additional mutants (Perkins et al. 1986 ). i.e. their axonemes are not as severely shortened. Even less severe is the abnormality in osm-3 mutants. The axonemes in these animals are normal except that they are missing the terminal segment with its A subfibres and singlet microtubules. This defect is more selectively expressed than the above mutations: the only sensory cells affected in the heads of osm-3 animals are in a pair of sensilla, the amphids. The action of the gene cat-6 is also selective, as it affects only the supernumerary microtubules seen at the ends of the cilia of the supposed mechanosensory cells CEP and O L L . In these mutants the rods of microtubules and their associated matrix material are not restricted to the end of the axoneme as in wild-type animals but extend through its entire length. Perkins et al. (1986) identified two other genes that affect ciliary structure but not the microtubules. In che-11 mutants there is an accumulation of ground substance amongst the micro tubules, and in che-10 mutants there is the loss of the striated rootlet associated with some of the axonemes (the axonemes, however, appear normal).
M utations affecting touch cell microtubules
Over 300 mutations in 16 genes have been identified that render C. elegans mec-7 mutants exhibit normal touch cell processes, but these processes are devoid of 15-protofilament microtubules. These are replaced by a smaller number of 11-protofilament microtubules (Fig. 6) . (Normally there are about 450 15-proto filament microtubules and very few, if any, 11-protofilament microtubules in touch cell processes of adults; in the touch cells of the mec-7 mutants there are about 100 11-protofilament microtubules.) Thus mec-7 appears to be required for the presence of 15-protofilament microtubules in the touch cells. Because the microtubule struc ture is changed and the temperature-sensitive period for mec-7 corresponds to the time at which the microtubule number increases in the touch cells, we proposed the hypothesis that the mec-7 product may be needed to alter the nucleation sites of touch cell microtubules so that 15-protofilament structures are made (Chalfie & Thom son, 1982) . (T h e protofilament number of microtubules polymerized in vitro is dependent on nucleation material, whether it is the A sub fibres of flagellar axonemes (Scheele et al. 1982) or centrosomes (Evans et al. 1985) .)
T h e 11-protofilament microtubules found in the mec-7 touch cells have unusual drug sensitivities. In the mutants, both colchicine and benomyl prevent the out growth of the touch cell process, whereas only colchicine affects the microtubules in wild-type touch cells. T h e colchicine effect signifies that a sensitive component is retained in the touch cells despite the change in microtubule structure. T h e benomyl effect is difficult to interpret as it could mean that the touch cell microtubules are sensitive to the drug because they have the 11-protofilament structure or because they utilize a drug-sensitive component in compensation for the mec-7 defect. Mutations in the mec-12 gene also affect touch sensitivity and the touch cell microtubules (Chalfie & Sulston, 1981; M. Chalfie & K . Buck, unpublished data). Phenotypes vary in an allele-specific manner. Some alleles are recessive and result in a slight loss of touch sensitivity; others are recessive and result in complete touch insensitivity; still others are semidominant and also produce complete touch in sensitivity. In animals displaying the weakest phenotype, the touch cell microtubules look normal, i.e. they have the same diameter as the IS-protofilament micro tubules do in the wild type. Electron micrographs of serial sections of anterior touch cells in these animals, however, reveal that the cells are incomplete. In the wild type, the touch cells have a long anteriorly directed process that has a distal branch. In these mutants, this terminal branch is missing. In the more severe recessive mutants, the processes have a reduced number of micro tubules, although the microtubules appear to be of the correct size. The touch cell processes of the semidominant mutants are considerably truncated and are severely depleted of microtubules. Because an extreme loss of microtubules is seen before the reduction in the length of the axonal process, it is possible that the mec-12 product is necessary for the proper production of the touch cell microtubules and that the shortening of the process is a secondary consequence.
Observations on mec-7 and mec-12 mutants and on animals treated with anti microtubule drugs suggest that the 15-protofilament microtubules of the touch cells serve at least two functions: process elongation, where protofilament number is not particularly important, and sensory transduction, where the 15-protofilament struc ture appears to be crucial. We have hypothesized that one role of the large micro tubules might result from their ability to associate to form a bundle of microtubules; this bundle could provide a rigid cytoskeleton against which the cell might be deformed by the touch stimulus (Chalfie & Thomson, 1982) . Fifteen-protofilament microtubules in cells of other organisms also appear to be arranged in bundles (Burton et al. 1975; Nagano & Suzuki, 1975; see also Eichenlaub-Ritter & Tucker, 1984) . Perhaps the 15-protofilament structure facilitates crosslinking among the microtubules.
M utations affecting other cytoplasmic microtubules
Benomyl-induced paralysis provides a convenient basis for the isolation of resistant mutants. Benomyl resistance, as shown in a number of lower eucaryotes (Sheir-Neiss et al. 1978; N effeia/. 1983; Burlandeia/. 1984; Schedlei al. 1984) , can result from mutations in genes for /3-tubulin. As indicated below, this appears to be the case in C. elegans. We have identified 23 non-complementing mutations that convey benomyl resistance (M. Chalfie, E. Dean & E. Reilly, unpublished data). The resistant mutants were identified by their wild-type movement among the F2 progeny of mutagenized nematodes that were grown in 7 jMM-benomyl (see Fig. 5 ).
All 23 mutations map to the same locus, ben-1, on the third chromosome. Nineteen of the mutations were isolated after mutagenesis with ethyl methanesulphonate (E M S ; Brenner, 1974) and arose at a frequency of 10-3 (this is similar to the average mutation rate for C. elegans genes; Brenner, 1974; Greenwald & Horvitz, 1980) . Three other ben-1 mutations arose spontaneously in the strain T R 679 (kindly provided by P. Anderson, University of Wisconsin). This strain produces spon taneous mutations at a high rate; many of these mutations appear to be the result of transpositional events (J. Collins & P. Anderson, personal communication) . DNA from all three of the spontaneous ben-1 mutants shows the same size insert into a restriction fragment that hybridizes to /3-tubulin DNA (Fig. 7) . Thus, it is likely that ben-1 codes for a /3-tubulin. Interestingly, the ben-1 mutations, including the insertional mutations, are dominant or semidominant. For most alleles this dominance is temperature dependent, i.e. it is only seen at high temperature (25 °C; complementation tests were done at 15 °C).
Homozygous ben-1 mutants are extremely resistant to benomyl and other benzamidazole carbamates. For the most severe alleles, the only effect of these drugs is a slight slowing of growth rate at saturating concentrations of the drugs. In the absence of benomyl, the mutants appear wild type. The ben-1 effect is specific in that the mutants are not resistant to colchicine.
The ben-1 mutations prevent the effects of benomyl on neuroneal process develop ment. The ventral cord in mutants grown in the presence of benomyl are wild type in appearance. Moreover, the touch cell processes are present when ben-1 mec-7 double mutants are grown on benomyl.
It has been difficult, however, to determine the null phenotype of the ben-1 gene.
The high frequency of mutation with EM S, the virtual abolition of the response to benomyl and other benzamidazole carbamates, and the occurrence of insertional mutants all suggest that benomyl resistance results from the absence of the ben-1 /3-tubulin. Since ben-1 mutants resemble wild-type animals, it may be that this /3-tubulin is not essential and that other /3-tubulin genes are expressed in the same cells as ben-1 (see Greenwald & Horvitz, 1980 , for a discussion of this point). However, the temperature-sensitive dominance displayed by most of the ben-1 alleles is difficult to interpret. This dominance does not seem to be the result of haploinsufficiency at the ben-1 locus, since animals that are heterozygous for a deficiency of the region are not resistant to benomyl at either high or low temperatures. An alternative explanation is that the ben-1 mutations lead not to a loss of a drugsensitive /3-tubulin but to an overproduction of a benomyl-resistant /3-tubulin. A precedent for this interpretation is seen in the sup-3 gene of C. elegans. sup-3 mutations, which suppress several mutations affecting thick filaments in muscle, arise at high frequency with EM S, and are dominant (Riddle & Brenner, 1978) and increase levels of myosin in their body wall muscle cells (Waterston et al. 1982) .
Hedgecock et al. (1985) have identified a second gene, unc-33, that affects cytoplasmic microtubules in nerve cells. Mutations of unc-33 cause animals to be severely uncoordinated. Numerous neuronal processes are misdirected in these mutants (presumably the underlying cause of the uncoordinated phenotype). Exam ination of the sensory structures of the head in these mutants revealed an increase in the number of microtubules in the sensory dendrites proximal to the cilia and in the non-neuroneal supporting cells. Moreover, a number of anomolous microtubule forms including large-diameter microtubules, doublet and triplet microtubules, and microtubules with hooks, are present. Such forms are similar to those seen when microtubules are decorated in situ with exogenous tubulin (e.g. see Euteneuer & McIntosh, 1980) , but the nature of the unc-33 defect is unknown. The effect of unc-33 mutations is somewhat specific in that abnormal microtubules are not seen in muscle cells or in the hypodermis of the mutants. It is not known whether neuronal processes of other neurones are similarly affected. 
FUTURE PROSPECTS
All three of the major microtubule forms in C. elegans neurones can be altered by mutation. Many of these mutations cause the elimination or reduction of the microtubules, but some, such as those in unc-33, appear to cause an increase in micro tubules. Mutations in mec-7 (and similarly unc-33) , are of particular interest because they apparently cause a change in the number of microtubular proto filaments. Because the mutations discussed in this paper also affect cell shape and function, their study may help us understand how different microtubule forms are generated and function within different nerve cells.
The characterization of these genes is incomplete; in particular it will be necessary to define more fully the null phenotypes of the genes. Some genes are represented by a single mutant allele. Characterization of additional alleles coupled with exper iments examining dosage effects of these loci should help to clarify the actions of the various gene products.
The 11 genes listed in Table 1 are probably not the only ones required for proper microtubule structure in C. elegans. It is unlikely that additional genes acting selectively on the 15-protofilament microtubules will be identified by the isolation of new touch-insensitive mutants, since that collection of genes appears saturated (Chalfie & Sulston, 1981; M. Chalfie & M. Au, unpublished data) . However, the search for genes affecting ciliary microtubules is not complete, and it is likely that additional genes affecting sensory cilia will be identified. Moreover, little has been done to revert any of these strains in order to identify extragenic suppressors. Such suppressors may identify other components required for microtubule assembly and structure. . These studies will certainly be augmented by use of the mutants derived from the mutator strain T R 679 (see above). If insertional mutants with defects in the genes discussed in this paper can be isolated, their transposontagged DNA can be used to begin a molecular analysis of these genes (see, e.g., Eide & Anderson, 1985; Greenwald, 1985; Moermanei al. 1986) . Molecular analysis will refine the level of genetic dissection of the role of microtubules in C. elegans and will make available biochemical probes of micro tubule function. 
